Abstract. Diamond coated tools of cemented carbide substrate with high Co content are extremely useful for machining difficult-to-cut materials. However, it is very difficult to deposit a well-adherent diamond coating on WC-Co with high Co content because of the strong catalytic effect of Co. In this work, a new functionally gradient WC-10wt. %Co hardmetal not containing η phase with a Co-depleted surface layer was fabricated. Diamond film was deposited on the gradient WC-10 wt. %Co by the hot filament chemical vapor deposition technique, and the quality and adhesion of diamond film were evaluated. The results indicate that the functionally gradient WC-10 wt. %Co hardmetal shows high adhesion strength to the diamond coating, and is a very promising substrate material for producing diamond coated tools.
Introduction
Diamond coatings, prepared by chemical vapor deposition (CVD) techniques, can increase significantly the lifetime of WC-Co cemented carbide tools, applied for machining difficult-to-cut materials such as aluminium-based composites, graphite, ceramics and carbon fiber-reinforced composites [1] [2] [3] [4] . However, it is very difficult to deposit a well-adherent diamond coating on the cemented carbide substrates. The reason for this is that, during the initial diamond nucleation process, the presence of the Co binder in the cemented carbide substrates strongly inhibits the growth of diamond and promotes the formation of the non-diamond phases at the diamond-carbide interface, leading to poor adhesion [5] . Reducing the deleterious effect of cobalt on diamond deposition, therefore, is essential for improving the adhesion between diamond coatings and WC-Co substrates.
To improve the adhesion, numerous pretreatment procedures prior to diamond deposition, including selective chemical etching [6, 7] , formation of stable Co compound [8] [9] [10] and deposition of intermediate layers [11] [12] [13] [14] , have been developed over the past decades to avoid the contact of the Co phase to the diamond. Among them, selective removal of Co on WC-Co tool surface by chemical etching is the most widespread technique in industry. With selective chemical etching techniques to remove surface cobalt, however, there is a risk of forming subsurface porosity in the WC-Co substrates, especially in the WC-Co with high Co content (Co≥6 wt.%), this will weaken the bonding of the subsurface WC particles and lead to flaking in interrupted cutting operations. The formation of an intermediate layer prior to coating serves two purposes: (1) relief of residual stresses at the diamond-carbide interface, and more importantly (2) formation of a diffusion barrier between the cobalt and the diamond coating. Several PVD layers, such as TiN, CrN and NbC, have been shown to be effective in improving the adhesion of diamond coatings, but the introduction of intermediate layers will lower diamond nucleation rates as well as lower diamond growth rates. Additionally, the question of diamond layer adhesion on the various intermediate layers has not yet been solved [15] .
Besides pretreatment procedures mentioned above, the Co-depleted surface can also be achieved via preparation of functionally graded cemented carbides. In 1980s, Sandvick developed a functionally graded cemented carbide with graded Co composition (so-called DP carbide), Which had a surface region with low Co content, a thin subsurface region with high Co content, and a core region with η-phase (Co 3 W 3 C) and nominal Co content [16] . Detailed studies of the growth of diamond coatings revealed that DP carbide can effectively improve the interfacial adhesion [17] , but DP carbide is not suitable for producing diamond coated tools, owing to the presence of the very brittle core comprising much η-phase, which is detrimental to the mechanical properties of the WC-Co materials.
Recently, a new functionally gradient WC-Co hardmetal with a Co-depleted surface layer has been developed by Fan Peng et al [18] . Unlike in the DP carbide, no brittle η-phase exists in this material. Such a hard-surface, tough-core structure combines high wear resistance and high fracture toughness in a single component, has been found to be able to offer superior mechanical properties in comparison to conventional homogeneous WC-Co materials [19] , and has the strong potential to significantly improve the durability and reliability of industrial tools. In the present study, the diamond film was deposited on the functionally gradient WC-Co, and the quality and adhesion of diamond film were evaluated by means of scanning electron microscopy, Raman spectroscopy and indentation test. The purpose of work is to prove the feasibility of using functionally gradient WC-Co as substrates for diamond coating.
Experimental

Materials and sample preparation
At present, diamond coating is usually deposited on cemented carbide tools with low Co content (Co≤6 wt. %). However, WC-Co tools with high Co content (Co≥6wt. %) are more widely used in difficult-to-cut materials machining due to their higher strength and better ductility. Moreover, compared to conventional microstructured WC-Co, ultrafine-grained WC-Co composites (in which mean grain size of WC ≤0.6 μm) possess superior combinations of hardness and transverse rupture strength. Considering the above, the WC-Co cemented carbides with 0.4 μm WC particle sizes and 10 wt. % cobalt contents were selected as the substrates for this study.
The functionally gradient WC-10 wt.% Co composites (labeled as gradient WC-10Co) were fabricated via the carburization of pre-sintered WC-10Co specimens with sub-stoichiometric carbon content (about 5.36 wt.%), which have no η-phase after conventional sintering but closing to the border with the η-phase formation according to the WC-Co phase diagram. The fabrication process was described by the present authors in Ref. [20, 21] in detail. For comparison, a conventional homogeneous WC-10 wt. % Co cemented carbide with 0.4 μm WC particle sizes (labeled as conventional WC-10Co) was used as the reference material.
Prior to pretreatment, a part of gradient and conventional WC-10Co specimens both with dimensions of 5×6×20 mm3 were cut in the cross section by using electrical discharge machining (EDM), in order to measure the Co concentration profiles in samples after and before pretreated. The sintered surfaces of the remaining samples were first mechanically polished with 10 μm diamond pastes, then ultrasonically cleaned with acetone and finally pretreated to deposit diamond. The pretreatment of samples was conducted by using the two-step etching process, namely, etching by using Murakami's reagent (K 3 Fe(CN) 6 : KOH : H 2 O=1:1:10) for 30 min in an ultrasonic vessel to rough the WC surface, and etching in Caro's acid ( H 2 SO4 : H 2 O 2 =1:10) for 1 min to remove Co phase on the surface. After etching, samples were ultrasonically rinsed with de-ionized water and dried with nitrogen gas.
Diamond deposition
The diamond coating was synthesized by the hot filament chemical vapor deposition (HFCVD) technique. The reaction gases were H 2 and acetone. The tantalum wires were used as the hot filaments. During the deposition, the temperatures of hot filaments and the substrate surfaces were 2000±200C and 900±100C, respectively. A negative bias was applied to the substrate for enhancing the diamond nucleation density. The detailed deposition parameters are shown in Table 1 . 
Characterization and analysis techniques
The cobalt concentration profiles of both gradient WC-10Co and conventional WC-10Co after and before etched were measured using an energy dispersive X-ray spectroscopy (EDS, Oxford). Measurements of Co content were examined as a function of depth perpendicular to the surface of polished cross-sections of samples. Each data point of the Co composition is an averaged value obtained by scanning a 10×60 μm 2 rectangular area that was parallel to the surface of the sample. The rectangular area for measurement was spaced at 10 μm increments in the direction perpendicular to the original surface.
The surface morphology of diamond coatings was investigated using a field emission scanning electron microscopy (FE-SEM, Hitachi S4800). The phase composition and the residual stress of diamond coatings were assessed by micro-Raman spectroscopy (Renishaw, InVia-Reflex). The light source was an argon ion laser with a wavelength of 514.5 nm. Additionally, in order to evaluate qualitatively the adhesion of diamond coatings on the substrates, Rockwell indentation tests were conducted using a Rockwell hardness tester with a diamond indenter having a cone of 120° and a tip radius of 0.2 mm. Each deposited sample was tested by applying a load of 980 N at the diamond indenter.
Results
The measured Co concentration profiles of both gradient WC-10Co and conventional WC-10Co after and before etched are shown in Fig.1 . Clearly, before etching there is a continuous Co gradient as a function of the depth in the gradient WC-10Co, the Co content of the surface zone is reduced to 5.84 from about 10 wt.%. Deeper into the specimen, the Co content gradually reaches the nominal Co content. In contrast, conventional WC-10Co is homogeneous, the Co content profile is thus flat (as shown in Fig.1a) . 5.84 to 0.45 wt.%, while that of conventional WC-10Co decreased from about 10 to 0.87 wt.%. These suggest that the Co phase can be almost completely removed from the surface of both gradient WC-10Co and conventional WC-10Co by the two-step pretreatment. However, the etching depth and the Co contents in surface layer of different substrates after etched, under same pretreatment condition, are obviously different. Compare with the conventional WC-10Co, the etching depth and the Co content in surface layer of gradient WC-10Co etched are lower.
The SEM images of the surface morphology of diamond films deposited on different substrates are given in Fig.2. Fig.2a displays that the surface of conventional WC-10Co is covered by a continuous layer of microcrystalline diamond films, and diamonds are equiaxed and well-crystallized. The surface of gradient WC-10Co shown in Fig.2b , exhibit the similar morphology to the conventional one. It indicates that the diamond films on the substrates of both gradient WC-10Co and conventional WC-10Co have a good crystalline form and dense structure without local flaking. However, the mean grain sizes of diamonds grown on different substrates are different. The measurement results of diamonds grain sizes indicate that the mean grain sizes of diamonds grown on the conventional WC-10Co are slightly larger than that on the gradient WC-10Co. . In order to assess the quality of as-fabricated diamond films, Raman spectroscopy is employed. Fig. 3 shows the Raman spectra of the diamond films grown on different substrates. It is found that the peak around 1332 cm−1 indicative of the sp3 bonding of diamond is visible for all the films [22] . From this figure, it can be seen that the Raman bands are present as 1338.2, 1336.4 cm−1 in diamond films deposited on conventional and gradient WC-10Co substrates, respectively. A sharp diamond characteristic peak around 1332 cm−1 and a weak graphite (bands) peak at 1550 cm−1 are obviously observed, which indicates that the deposited diamond coatings on the all substrates have high purity. The upward shift of the peak position from standard diamond at 1332.4 cm−1 is attributed to a build-up of residual compressive stress in the film, and it can be used to roughly estimate the adhesion properties of the film to the substrates [23] . The residual stresses in the diamond coatings can be estimated using the equation [24] : σ =- ), and a negative value corresponds to a compressive stress. According to Eq. (1), the residual stresses in diamond films deposited on conventional and gradient WC-10Co substrates are 3.29 and 2.27 GPa respectively, that is to say, the diamond film deposited on gradient WC-10Co has lower stress value. In general, the low stress level is beneficial to improve the adhesion between the film and the substrate. Therefore, it can be deduced that the diamond films deposited on gradient WC-10Co would offer higher adhesive strength.
(a) (b) Fig.3 Raman spectrum of diamond films deposited on different substrates. (a) conventional WC-10Co and (b) gradient WC-10Co. The adhesion of diamond coatings was further evaluated using the Rockwell C indentation method. Fig. 4 shows the results of the indentation tests on diamond coatings deposited on different substrates under a load of 980 N. From this figure, it can be seen clearly that, for the diamond film deposited on conventional WC-10Co, a large flaking area of coating together with the etched substrate around the indentation is obvious, as demonstrated in Fig. 4a , which indicates a poor adhesion. Contrary, there is no obvious peeling area except the spallation area around the indentation on the diamond film deposited on gradient WC-10Co, as displayed in Fig. 4b . Therefore, it can be concluded that the adhesion of the diamond coating on the gradient WC-10Co substrate is higher than that of conventional WC-10Co. 
Discussion
In the machining process, although diamond of diamond coated tools is in direct contact with the material to be machined, given the limited thickness of the film, mechanical stresses are transmitted to the WC-Co substrate. Therefore, besides the quality and adhesion of diamond coating, the mechanical properties of WC-Co substrate are also important factor influencing the final performance of diamond coated tools. Generally, the mechanical properties of WC-Co hardmetal are primarily dependent on Co content and WC grain size. With high Co content at fixed WC particle size, WC-Co has a higher strength and fracture toughness [25] . Based on this principle, if one can deposit diamond onto WC-Co substrate with high Co content, diamond coated tools would have extremely wear resistant while retaining high mechanical properties in the underlying WC-Co substrate. However, the adhesion of diamond films onto WC-Co substrates, as described in the introduction section, is strongly influenced by the surface Co content of the substrates. For the untreated WC-10Co substrate, during the process of HFCVD, Co will diffuse to the surface and dissolve carbon at high temperatures, resulting in the formation of amorphous carbon instead of diamond, which will seriously destroy the adhesion strength between diamond and substrate [26] . It is impossible to deposit adherent diamond films onto the untreated WC-10Co substrates, and surface cobalt must be removed.
Among the numerous pretreatment procedures, chemical etching is the simplest, and cheap, and was considered to be suitable for batch production. It has been proved that chemically etched WC-Co tool materials with Co binder less than 6 wt. % show the high adhesive-bond strength to the diamond coating [6] . Unfortunately, the higher the Co content in WC-Co, the larger the distance between two adjacent WC particles (i.e. Co mean free path). After the etching, although the Co can be almost completely removed from the surface (as seen in Fig.1b) , and the diamond films deposited on conventional WC-10Co have a good growth and a high purity (as shown in Fig. 2a and Fig.3a, respectively) , etching will severely lower the bonding strength of the subsurface WC particles. In the presence of large stresses such as those encountered in indentation tests, flaking of the coating will occur by WC grain de-cohesion and consequent crack propagation in the Co-depleted layer of the carbide, resulting in a large flaking area of coating together with the etched substrate (as shown in Fig. 4a) .
Different from the conventional WC-10Co, gradient WC-10Co has varied distributions of Co in different regions, namely, the surface layer is poor in Co while the core has the nominal Co content. In general, the surface Co content of substrates after etched depends not only on the etching agents and etching time, but also on the Co content of the original surface [6] . The lower the Co contents on surface of WC-Co, the smaller the Co mean free path, thus leading to a smaller etching channel during etching. As a result, at the same pretreatment condition, the etching depth and the Co content in surface layer of gradient WC-10Co etched are lower. During the deposition process, the presence of the Co in the substrate surface will strongly inhibit the growth of diamond, resulting in a lower diamond nucleation rates. Co content in surface layer of gradient WC-10Co etched are lower, accordingly the mean grain size of diamonds grown on gradient WC-10Co are slightly smaller than that of conventional WC-10Co. Furthermore, the lower Co content of etched surface will also decrease the thermal expansion coefficient of substrate, and then reduce the mismatch in the thermal expansion coefficients between diamond and WC-Co, leading to a lower stress value in the diamond film deposited on gradient WC-10Co. The combination of all these beneficial effects makes gradient WC-10Co possess high adhesion strength to diamond film. Considering that the core of substrate has a higher bending strength and fracture toughness, thus it can be expected that gradient WC-10Co would be a very promising substrate material for producing diamond coated tools.
Conclusions
In this paper, the results on the quality and adhesion characterization of diamond film, deposited on chemically treated functionally gradient WC-10wt. %Co cemented carbide by HFCVD method, were reported. SEM and Raman spectroscopy results confirm that the diamond film deposited has a good growth and a high purity. Rockwell indentation tests reveal good adhesion of the diamond film. These improvements can be attributed to the unique microstructure of gradient WC-10Co. Application tests are in progress.
